Wood anatomy is an important source of systematically informative character information that can and should be used in cladistic phylo genetic analyses ofrelationships in flowering plants. However, the re sults ofa cladistic analysis are only as good as the characters and obser vations, which together comprise the data set that is analyzed. The goal of this paper is to address the former of these issues, specifically the definition and use ofwood anatomical characters in cladistic analyses. We first provide a brief introduction to the principles of cladistics. We then discuss the standard IAWA List of wood anatomical characters, which are defined primarily for identification, and recast them in a format that is more appropriate for cladistic analysis. As a means ofillus trating some common problems and their possible solutions, we con clude with a brief discussion of recent cladistic analyses that have includedwoodanatomicalcharacters.
INTRODUCTION
Wood anatomy has been an important field in the plant sciences for many years, and wood anatomical data have diverse applications, including plant systematics and evo lution. Our focus in this paper is on the use and utility of wood anatomical data in cladistic phylogenetic analyses. Robust hypotheses of phylogenetic relationships de pend in part on the inclusion of adequate character diversity in a cladistic analysis. Because wood anatomical features are independent of the reproductive biology of plants and the character systems derived from flower and fruit structures, wood char acters are potentially an important addition to a cladistic analysis. The IAWA List of Microscopic Features for Hardwood Identification (Wheeler et al. 1989 ) is an impor tant standardized list of characters and terminology to be used in descriptive wood anatomical studies and identification. This list is the most obvious resource for plant systematists (wood anatomists and others) to use in applying cladistic techniques to wood anatomical data. However, what works well for identification or descriptive monographic work may not work well for cladistic analysis. Therefore, the purpose of this paper is to address the use of wood anatomical data in cladistic analyses. We first present a general introduction to the principles of cladistics and its methods. However, considerations of space prohibit an exhaustive discussion of all issues. In terested readers should consult Kitching et al. (1998) , Lipscomb (1998) , Schuh (2000) for more detailed discussion (and differing views on some issues). Following the introduction we discuss wood anatomical characters as presented in the IAWA List. The discussion following each character addresses potential problems in using par ticular characters in cladistic analyses. Then each character or suite of related charac ters is framed in a format appropriate for cladistic analysis. The paper concludes with a discussion of selected recently published studies that have used wood anatomical characters in cladistic analyses.
PRINCIPLES OF CLADISTICS
Cladistics is a method for developing hypotheses of phylogenetic relationships among taxa through the search for inter-nested monophyletic groups. A monophyletic group (or a clade) is a group that includes an ancestor plus all, and only all, of its descendants (Fig. 1) . The existence of a clade is established based on the occurrence of one or more specialized (or derived), homologous features in the members of the group. All taxa that share this specialized feature (or apomorphy) are united into a group, and those uniting features that define the group are called synapomorphies (Fig. 1) . Thus, a monophyletic group is defined by one or more synapomorphies. For example, the presence of a carpel is a synapomorphy that unites all angiosperms (Fig. 1) . Angio sperms in turn can be grouped with all other seed plants based on the synapomorphy of seeds. Thus, angiosperms are nested within seed plants. Seed plants can be grouped with all other vascular plants based on the synapomorphy of vascular tissue. Thus, we have a series of inter-nested monophyletic groups, which can be presented in terms of a hypothesis of phylogenetic relationships based on the distribution of synapomorphic characters. This hypothesis is usually presented in the form of a branching diagram: a cladogram (Fig. 1) . A cladistic analysis consists of three basic steps: selection of taxa and characters, observation of specimens and coding of characters for all taxa, and data analysis to find the cladogram(s) that best fit the distribution of characters among the taxa (Kitching et al. 1998; Schuh 2000) . This paper deals primarily with selecting and coding characters, specifically wood anatomical characters.
Taxon selection
In most cladistic analyses the basic questions that are being asked are "is this group monophyletic, and what are the phylogenetic relationships among the component taxa?" To answer these questions, the taxa that are selected for the analysis must be appropriate. The monophyly of a group is tested by including as many members of the group as possible, plus all other taxa that could conceivably be related to the group. Thus, if one were interested in testing the monophyly of the Ericaceae, for example, it would be important to include taxa such as Pyrolaceae, Monotropaceae, Epacridaceae, and Empetraceae, because one or more of these groups may be nested within Ericaceae (e.g., Anderberg 1993). All of these taxa taken together are sometimes called the "ingroup". In addition, it is also necessary to include one or preferably more taxa that are relatively closely related to the ingroup taxa but are clearly not members of the group ("outgroup" taxa). We address the significance and selec tion of outgroup taxa after discussing character selection.
Character selection
The characters that are used in taxonomy and systematics can be categorized as either qualitative or quantitative in nature, and variation within a character may be continuous or discrete classes may be observed. For example, vestured pits present vs. absent, and vessel arrangement diffuse, dendritic, or tangential are two qualitative characters with variation grouped in two or three discrete character states. In the same group, ray or vessel size might be quantitative characters with continuous variation lacking discrete breaks. It is important to remember that all qualitative characters do not exhibit discrete variation, and all quantitative characters are not continuous.
Characters may be constant within the group being studied, or there may be varia tion among and/or within the ingroup and outgroup taxa. Characters that are constant in the ingroup and outgroup are useless in terms of providing information about rela tionships within the group (i.e., they are phylogenetically uninformative at this level). Only characters that exhibit variation among the taxa are potentially phylogenetically informative. The ideal character is constant within the individual taxa and exhibits some variation among taxa. Some variation within terminal taxa (i.e., polymorphism) can be accommodated, but too much polymorphism can present problems. Determin ing how much is "too much" may not be a simple matter. The inclusion of a polymor phic taxon in a cladistic analysis can compromise the results of the analysis. A great deal has been written about characters in cladistics, and it is impossible to provide a comprehensive discussion of all the issues here, especially dealing with polymorphisms (see "Data acquisition'' for further discussion). For more detail on characters in cladistics, see Kitching et al. (1998 ), Lipscomb (1998 , Nixon & Davis (1991 ), Schuh (2000 .
Character polarity
Character variation among taxa provides the evidence for developing hypotheses of phylogenetic relationships. Once variable characters are identified for the group under study, the next step is determining the polarity or directionality of character evolution. In other words, which character state is "primitive" or inherited from the common ancestor (plesiomorphic), and which is evolutionarily advanced or derived within the group under study (apomorphic)? There is an extensive literature dealing with character polarity, and there is still some debate as to appropriate methods for establishing character polarity (Maddison et al. 1984; Nixon & Carpenter 1993; Kitching et al. 1998; Lipscomb 1998; Schuh 2000) .
Of the various approaches that have been used, e.g., common is primitive, paleonto logical evidence, outgroup comparison, the latter is generally the preferred method today. An outgroup is a taxon that is relatively closely related to the group under study but not a member of that group. In the outgroup comparison method we determine for each character which character state is present in the outgroup taxa. For each character, the state that is shared by the outgroup and some of the ingroup taxa can be considered to be plesiomorphic. Thus, the outgroups establish character polarity. The basic assumption in outgroup analysis is that the character similarities observed between the outgroup and members of the ingroup are homologies inherited from an ancestor shared by the ingroup and outgroup taxa. Because of this assumption it is desirable to select outgroup taxa that are as closely related to the ingroup as possible, but it is a common misconception that the outgroup must be the sistergroup to the ingroup. This is not necessary, and indeed, we often do not know what the sistergroup is, and in some situations the sistergroup may be a poor choice for an outgroup. We must recognize that evolution has been an ongoing process in the outgroup as well as the ingroup. As a consequence sometimes a character in a given outgroup taxon may have changed since the time of divergence with the ingroup, and the observed charac ter state in the outgroup may differ from any state present in the ingroup. Alterna tively, parallel evolution could have occurred and the outgroup might possess a derived character state that it shares with some of the ingroup taxa. In this case the similarity between outgroup and ingroup taxa would be a homoplasy, not homology, but we would not know this simply from the information available to us prior to the cladistic analysis. It is for these reasons that it is always preferable to include several outgroup taxa in a cladistic analysis, some of which will be more closely related to the ingroup and others more distantly related. In selecting the outgroup taxon or taxa, one should try to avoid groups that are obviously highly derived as compared to the ingroup and other related taxa, especially if this taxon is to be the only outgroup. For example, one would not want to use Ceratophyllum as the only outgroup for analyzing relationships within the higher dicots ("Eudicots"). However, Ceratophyllum could be useful as one of several outgroup taxa in such an analysis. With multiple outgroup taxa we are less likely to get spurious results due to homoplasy in the outgroup. There is extensive literature available on outgroups and character polarity and interested readers are encouraged to read further (Maddison et al. 1984; Nixon & Carpenter 1993; Kitching et al. 1998; Lipscomb 1998; Rae 1998; Schuh 2000) .
We conclude this discussion of outgroups and character polarity by emphasizing that the selection of outgroup taxa is very important, and that outgroups should be real taxa, not "hypothetical outgroups" or "hypothetical ancestors'' based on precon ceived ideas of how characters have evolved (e.g., based on Baileyan trends). After all, if we wish to examine the implications for character evolution in the cladograms that result from a cladistic analysis, then it is circular to use preconceived notions of character evolution in constructing a hypothetical outgroup.
Data acquisition and cladistic analysis
Once the taxa and characters are selected, the next step is to compile the data for all characters in all taxa. Generally it is a straightforward matter to observe the char acters and score the taxa, and therefore little comment is required here. However, there are four areas of potential trouble that should be addressed briefly; these are continuous variation (usually involving quantitative characters), missing data, inap plicable characters, and polymorphic characters.
Taxonomic characters exhibit either discrete or continuous variation among the taxa. Continuous variation is most often encountered in quantitative characters, such as vessel element length or diameter. There is considerable disagreement in the cladistics literature on whether continuous characters should be used in cladistic analy ses, and how to treat them when they are used (e.g., Farris 1990; Rae 1998). The basic question is how does one define character states in a character that varies continu ously among the taxa (i.e,, lacks discrete gaps by which one could define character states). Authors have used a variety of statistical measures and tests to establish states for continuous characters (Rae 1998). These range from simply calculating mean values for each taxon and then establishing two or more states based on these values, to much more sophisticated statistical analyses. Authors who question the use of con tinuous characters often question the biological meaning of a mean and other statisti cal measures, especially when specimen sampling is usually not done with statistical tests in mind. It is beyond the scope of this introduction to critique the various ap proaches that have been used, and we certainly will not recommend one particular solution. For further discussion of continuous characters see Chappill (1989) , Farris (1990) , Crowe (1994) , Pimentel & Riggins (1987) , Stevens (1991) , Rae (1998) .
It is often the case that species of one or several taxa in a study are in limited supply, and thus the available materials may be insufficient to observe all of the charac ters. In such cases the taxa must be scored as unknown (usually denoted as '?') in the data matrix. While every effort should be made to score all characters for all taxa, missing data are sometimes unavoidable. Missing data have the greatest potential to present problems in a cladistic analysis when they are concentrated in one or sev eral characters or taxa (Nixon & Davis 1991; Nixon 1996) . Inapplicable characters are another source of potential trouble. Inapplicable characters (often scored as a hyphen '-') apply in taxa that lack structures for which there are one or more charac ters recognized in other taxa. For example, vesselless angiosperms must be scored as inapplicable for characters such as intervessel pitting and perforation plate structure, and taxa with only solitary vessels would be scored as inapplicable for intervessel pitting. There has been considerable discussion of missing data and inapplicable char acters in cladistics literature, and some difference of opinion persists in terms of the best way to deal with these problems (e.g., Nixon & Davis 1991; Wilkinson 1995; Nixon 1996; Lipscomb 1998) .
The final problem that we wish to return to briefly is polymorphism, which occurs when a taxon exhibits two or more character states in a given character. There are two basic issues in dealing with polymorphism, one is computational and the other is taxonomy. A taxon may be polymorphic for one or more characters because there has been evolution (diversification) within the taxon since its time of origin, or perhaps the character was inherited as a polymorphic feature from an ancestral population that was polymorphic for the character. In either case the polymorphism is a real feature of the taxon and the issue is one of coding the taxon for the character (see "Data acquisition"). However, the polymorphism may instead be a consequence of the group being a polyphyletic assemblage (e.g., two or more unrelated species in cluded in a genus). Including a polyphyletic taxon as a terminal taxon in a cladistic analysis can seriously compromise the results, and therefore every effort should be made to avoid this problem (Nixon & Davis 1991) . Cladistic analyses that use fami lies and other higher taxonomic groups as terminal taxa are potentially problematic in this regard (see "Discussion" for several examples). There is nothing wrong in princi ple with using families as terminal taxa, rather the problem is one of polymorphism for many morphological characters, which can occur in taxa of any rank. The best solution to polymorphic taxa is to split them into multiple, more homogeneous taxa such that the polymorphisms are eliminated (e.g., treatment of Swartzia and Bocoa in Herendeen 1995). When polymorphic taxa are split to form more homogeneous taxa, this allows the several components to be placed independently on the cladogram. If the several components are grouped together in a single clade, then the polymor phism is simply a consequence of evolution within the taxon. If the components do not group together then this is evidence that the taxon may not be a natural group (i. e., monophyletic) and instead may be polyphyletic. While splitting polymorphic taxa to form homogeneous taxa is the preferable solution, it is sometimes impractical, especially when a taxon exhibits polymorphisms in several characters, such that each polymorphic character has a different distribution pattern within the taxon. If several taxa are similarly polymorphic it quickly becomes impractical to subdivide all the taxa until all polymorphisms are eliminated. Thus it becomes necessary to score poly morphisms in the data set. Some cladistics software packages allow polymorphisms to be recorded in the data matrix (PAUP, NONA), whereas others require use of a missing data entry (Hennig 86). There is considerable discussion of polymorphism in the literature (e.g., Nixon & Davis 1991; Nixon 1996; Lipscomb 1998) and there is no need to go into further detail here.
Cladistic analyses are routinely conducted using computer software packages such as PAUP (Swofford 1993 ), Hennig86 (Farris 1988 , and NONA (Goloboff 1993). We will not discuss the mechanics of conducting cladistic analyses or using these software packages.
LIST OF FEATURES
The following is the IAWA List of Microscopic Features for Hardwood Identification (Wheeler et al. 1989) . The numbers in parentheses are the IAWA character numbers. The comments section generally explains interpretive problems with the character(s), gives examples, discusses methods to convert to cladistic characters, and provides cautions and recommendations. Following the comments we list our suggested conversions from the IAWA features to cladistic characters. Since all IAWA quantitative characters have arbitrary categories, we recommend that for the groups being investi gated, users first establish that quantitative characters show distinct or discrete cat egories (see "Data acquisition") and then create categories useful for their particular taxonomic group.
Growth rings:
(1) boundaries distinct; (2) boundaries indistinct or absent.
Comments: Some subjectivity may be involved in judging what is distinct or indis tinct growth rings. Irregular bands of parenchyma or axial resin canals, in tropical taxa for example (Hymenaea, Swietenia, and Copaifera) , have been shown to repre sent growth rings, but others (e.g., Andira, Swartzia) are still in question. This feature can be problematic, but it can be useful in certain groups if interpreted and coded carefully. Although presence of growth rings is homoplasious among dicotyledons, as a whole (i.e., arose independently multiple times), this does not necessarily indi cate that the character will not be informative for groups within the dicotyledons. Therefore, characters should not be excluded simply because they are suspected of being homoplasious.
Cladistic characters:
Growth ring boundaries: 0, boundaries indistinct or absent; 1, boundaries distinct.
Vessels
Porosity: (3) Wood ring-porous; (4) semi-ring-porous; (5) diffuse-porous. Comments: Distinct ring-and diffuse-porous woods of the temperate regions are easily recognized, but semi-ring porosity can be difficult to interpret. Growth condi tions may influence the degree of porosity, especially in the temperate regions where slight differences between the early-and latewood vessel diameter may occur (e. g. Populus dentata and Salix nigra). In the tropical regions there are very few taxa that are distinctly ring-porous (e. g. Cedrela, Toona, and Tectona). Depending on the group of taxa studied, cladistic characters could be formed in several ways.
Cladistic characters:
Porosity: 0, ring-porous; 1, semi-ring-porous; 2, diffuse-porous.
Vessel arrangement: (6) Vessels in tangential bands; (7) in diagonal and/or radial pattern; (8) in dendritic pattern.
Comments: These three patterns may or may not be related to each other. Some of these patterns could be further refined to form more specific characters. For example, tangential bands can be divided into straight, wavy (ulmiform), or festooned bands. Diagonal and/or radial bands can be distinguished in many cases (e.g., many Clusia ceae and Sapotaceae). These features often occur in ring-porous woods and the pattern only occurs in the intermediate and latewood. The occasional or rare occurrence of vessels in a diagonal arrangement should not be confused with a well-developed pattern.
Tangential bands: 0, tangential bands absent; 1, tangential bands present. Diagonal and/or radial distribution: 0, vessels not in diagonal or radial arrange ments; 1, diagonal patterns present; 2, radial pattern present. Dendritic pattern: 0, dendritic pattern absent; 1, dendritic pattern present.
Vessel groupings: (9) exclusively solitary (90% or more); (10) in radial multiples of 4 or more common; (1 1) clusters common. Comments: Radial multiples and clusters are independent and should be coded as separate characters. The common condition with vessels solitary and in radial multi ples of 2 or 3 is implied if a taxon is scored absent for all three of the following cla distic characters. Alternatively, if all three of the characters below are not relevant for the group under study the character that is used could be reworded to include solitary and in radial multiples of 2 or 3 as one of the states. Vessels almost exclusively soli tary is much easier to interpret than "vessels in radial multiples of 4 or more com mon." There are few taxa where this feature is fully developed. The occasional occur rence of a radial multiple, paired vessels, radial multiples of 4 or more, or clusters is not significant when recording information. However, if the overlap is more frequent, then discrete groups are not present and the characters should not be used in a cladistic analysis.
Vessels exclusively solitary: 0, absent; 1, present. Vessels commonly in radial multiples of 4 or more: 0, absent; 1, present. Vessel clusters common: 0, absent; 1, present.
Solitary vessel outline: (12) angular
Comments: The degree of angularity cannot easily be quantified. This feature is also linked to vessel diameter and number of solitary vessels. Only taxa with small diameters have an angular vessel outline. Taxa with large vessel diameters do not have angular vessel outlines. The more solitary vessels there are, the more likely they will be angular. This feature is very subjective, difficult to interpret, and should not be used.
Perforation plates: (13) simple; (14) scalariform; (19) reticulate, foraminate, and/or other types of multiple perforation plates; (15-18) categories for number of bars per plate. Comments: Perforation plates are present in all dicots except for those that are ves selless. Simple and scalariform are the two basic forms. Reticulate, foraminate, and other types are modifications or special types that are usually found with simple and/ or scalariform perforation plates.
The number of bars per scalariform perforation plate is a quantitative character. It is useful in the identification of the North American species of Betula (Miller & Cahow 1989 ), but may not be useful for cladistics when all species of Betula are considered because no discrete classes are present when all species are included. Also, if some taxa have simple and scalariform plates and some only scalariform (e.g., Betulaceae), and if the taxa with simple and scalariform plates always have few bars and the ones with only scalariform plates have many bars, then the number of bars should not be used. The characters are then not independent, rather they are different expressions of the same feature, which is double weighted if both characters are used in the analysis.
Cladistic characters:
Simple/scalariform perforation plates: 0, absent (vesselless); 1, scalariform; 2, sim ple and scalariform; 3, simple. Foraminate: 0, absent; 1, present. Reticulate/other types: 0, absent; 1, present. Number of bars: depends on group being studied. Comments: Intervessel pit arrangement is normally alternate. Transitional pitting between opposite and scalariform is a useful category when both types are present in more or less equal amounts. When one type predominates, the predominate type is normally reported separately.
Although pit size is quantitative, it is one of the few quantitative wood characters that may be important. Category definitions used in a study often depend on the mi croscope and reticule in the eyepiece ocular (e.g., 2 µm reticule divisions vs. 3 µm divisions would likely result in different size categories). In Flacourtiaceae, Euphorbia ceae, and Swartzia pit size may be useful.
The shape of alternate pits may be polygonal, but the shape may be due to crowd ing. This feature is very subjective, difficult to interpret, and should not be used.
Intervessel pit arrangement: 0, alternate; 1, opposite; 2, opposite/scalariform; 3, scalariform. Intervessel pit size: depends on group being studied. Comments: This feature is discrete. Rarely is there a question of being vestured or nonvestured provided the samples have been prepared properly (Quirk & Miller 1985; Jansen et al. 1998 ).
Vestured pits: 0, absent; 1, present.
Vessel-ray pitting: (30) with distinct borders; similar to intervessel pits in size and shape throughout the ray cell; (3 1) with much reduced borders to apparently sim ple: pits rounded or angular; (32) with much reduced borders to apparently simple: pits horizontal (scalariform, gash-like) to vertical (palisade); (33) of two distinct sizes or types in the same ray cell; (34) pits unilaterally compound and coarse (over 10 µm); (35) pits restricted to marginal rows. Comments: Vessel-ray pitting can be important, but the states must be well defined. Character 30 is common to many groups such as Leguminosae, Rubiaceae, and Rutaceae. Character 31 is not common and may be a specialized state of character 32. These two characters may be combined when the difference between them is slight. Characters 33, 34, and 35 are rare, only occur in a few taxa, or are dependent upon other features. If these are present in the groups being studied, then they might be important but care must be exercised.
Vessel-ray pits: 0, bordered and similar to intervessel pits; 1, simple and round to elongate (normally larger than intervessel pits). Other vessel-ray pit states: [Caution: see comments above].
Helical thickenings: (36) in vessel elements present; (37) throughout body of vessel element; (38) only in vessel element tails; (39) only in narrower vessel elements. Comments: Helical thickenings may occur in taxa in the temperate regions, but rarely in tropical taxa. In distinctly ring-porous species, helical thickenings may only occur in the narrow vessel elements. Helical thickenings only in the tails of vessel elements has been observed in a few taxa.
Helical thickenings: 0, absent; 1, present throughout body of vessel elements; 2, present only in vessel element tails; 3, present only in narrow vessel elements.
Tangential diameter of vessel lumina: (40-44)diameter categories; (45) vessels of two distinct diameter classes, wood not ring-porous.
Comments: For all quantitative characters see comments under "Data acquisition" and at the beginning of this list. Vessels of two distinct size classes, wood not ringporous, occurs only in a few taxa. To determine if a bimodal vessel distribution exists requires some statistical testing.
Vessel diameters: depends on group being studied. Vessels of two distinct diameter classes, wood not ring-porous: 0, absent; 1, present.
Vessels per square millimetre: (46-51)number of vessels per square millimetre. Mean vessel element length: (52-55)length categories. Comments: Vessels per square millimetre is often inversely correlated with vessel diameter; the smaller the diameter the more vessels per square millimetre. If these two characters are in fact dependent, then only one should be used in a cladistic analysis; otherwise, the feature is being double weighted. For all quantitative characters see comments under "Data acquisition" and at the beginning of this list.
Vessel per square millimetre: depends on group being studied. Vessel element length: depends on group being studied.
Tyloses anddeposits in vessels:
(56) tyloses common; (57) tyloses sclerotic; (58) gums and other deposits in heartwood vessels. Comments: If abundant or common to the inner sapwood and heartwood, tyloses may be a discrete unambiguous character. However, care must be exercised when sampling size is small. Tyloses are generally independent of the environment, but trauma, disease, and other growing conditions may cause tyloses. Sclerotic tyloses are a subset of tyloses. They are rather rare and do not always occur in every sample. Thus, the characters are dependent and are combined.
Gums and other deposits in heartwood vessels may form discrete groups. In many Meliaceae dark reddish brown deposits occur in the vessels; in Intsia yellowish deposits occur; and in Swietenia (Meliaceae) often a whitish compound (catechol) is found. Thus, some groups may require more than one character to describe vessel deposits.
Cladistic characters:
Tyloses: 0, absent; 1, present; 2, present with some of the tyloses sclerotic. Gums and other deposits in heartwood vessels: 0, absent; 2, present.
Wood vesselless: (59) present.
Comments: This character is accounted for under perforation plate structure (i. e., perforation plates absent).
Imperforate tracheary elements
Tracheids: (60) Vascular/vasicentric tracheids present.
Comments: Vascular and vasicentric tracheids may not be homologous structures, and thus should not be treated together as a single character. Vascular tracheids may be degenerate vessel elements and vasicentric tracheids may be derived from fibres, but they generally do not occur in the same taxa. Sometimes tracheids do not occur in large numbers and are difficult to observe (e.g., some Sapotaceae). With this qualita tive character it may be that the states are not discrete and should not be used.
Cladistic characters:
Vascular tracheids: 0, absent; 1, present. Vasicentric tracheids: 0, absent; 1, present.
Fibre pits and helical thickenings: (61) with simple to minutely bordered pits; (62) with distinctly bordered pits; (63) pits common in both radial and tangential walls; (64) helical thickenings in fibres.
Comments: Fibres with simple vs. bordered pits is difficult to interpret literally. However, bordered pits that are conspicuous (chambers greater than 3 µm) can be separated from those that are not conspicuous. Fibre pits common in both radial and tangential walls is closely linked to fibres with distinctly bordered pits. Often both occur in the same taxa. In addition there are few occurrences of fibres with indis tinctly bordered pits and pits common in radial and tangential walls, or fibres with distinctly bordered pits and pits restricted to the radial walls. Helical thickenings in fibres are often observed in taxa of the temperate regions and in taxa that have helical thickenings in the vessel elements and distinctly bordered pits. If it can be shown that these characters are linked in a particular group, then only one character should be used to avoid giving extra weight to the character.
Fibre pits distinctly bordered 0, absent; 1, present. Fibre pits common in both radial and tangential walls: 0, absent; 1, present. Helical thickenings in ground tissue fibres: 0, absent; 1, present.
Septate fibres and parenchyma-like fibre bands: (65) septate fibres present; (66) non-septate fibres present; (67) parenchyma-like fibre bands alternating with ordi nary fibres. Comments: In many taxa with septate fibres septae are present in nearly every fibre. Other taxa have septate fibres only near the vessels or scattered among the non septate fibres. However, Cedrela is reported to have occasional septate fibres, but in hundreds of samples only a few fibres have been found that appeared to be septate (R. Miller, personal observation). In these cases, septate fibres would be coded as ab sent. In a few taxa fibres are in parenchyma-like bands, i.e., with a hand lens or at low magnification on the transverse section, the fibres look like a multi-celled (thick) band of axial parenchyma.
Septate fibres: 0, absent; 1, present. Parenchyma-like fibre bands alternating with ordinary fibres: 0, absent; 1, present. Comments: Fibre wall thickness is essentially a quantitative character. For all quan titative characters see comments under "Data acquisition" and at the beginning of this list. This feature is linked closely with density, i.e., the thicker the wall, the higher the density. Fibre wall thickness might also be measured and used as a specific quan titative character, but discrete categories must be present.
Fibre wall thickness: depends on group being studied. Fibre length: depends on group being studied.
Axial parenchyma: (75) absent or extremely rare. Axial parenchyma is present in most taxa, but in some (e.g., most Flacourtiaceae) it is lacking or extremely rare. Scanty paratracheal parenchyma or diffuse parenchyma is not the same as parenchyma absent or extremely rare.
Apotracheal and paratracheal parenchyma are two basic types of axial parenchyma. In some taxa only one type is present or predominates, but many taxa have both types. In Bombacaceae and related Malvales apotracheal parenchyma predominates; in Moraceae and many legumes, paratracheal parenchyma predominates. However, in Dalbergia and Pterocarpus several states of apotracheal and paratracheal parenchy ma occur, often together. Since apotracheal and paratracheal parenchyma characters/ states are found together in the same taxa and not in others, there is evidence that they should be treated as separate characters.
Because diffuse and diffuse-in-aggregate parenchyma intergrades and is often men tioned together in descriptions of the same taxa, there is a continuum between the two states. Thus, we suggest that the two states be combined into one unless they are clearly distinct in the taxa under study.
Banded apotracheal parenchyma (characteristic of Lecythidaceae and Sapotaceae) is a discrete character and different from the typical paratracheal banded parenchyma (e.g., Lonchocarpus and Symphonia). The band thickness may be discrete or continu ous. The user will have to decide if discrete groups can be recognized within the taxa under study.
Paratracheal parenchyma shows continuously intergrading states from scanty to abundant. However, it is one character with several states and not several discrete characters. The user may have to recognize states depending on the taxa. Scanty paratracheal parenchyma is often confused with diffuse apotracheal parenchyma or thin sheaths of vasicentric parenchyma. Therefore, we suggest combining scanty with vasicentric parenchyma into one state. Aliform may be discrete in some taxa, but it can also be continuous with confluent. The user should carefully analyze the data to determine the discreteness of the states.
Unilateral paratracheal parenchyma may be a discrete character in some groups but continuous in others. We have listed it as a discrete character, but we caution users to carefully assess their data for the occurrence of combinations of aliform/confluent parenchyma with unilateral parenchyma.
Diffuse or diffuse-in-aggregate apotracheal parenchyma: 0, absent; 1, present. Banded apotracheal parenchyma: 0, absent; 1, present (in some taxa thin vs. thick bands could be used as additional states for this character as the circumstances warrant). Marginal or irregular bands of parenchyma: 0, absent; 1, present. Paratracheal parenchyma: 0, absent; 1, vasicentric (including scanty); 2, aliform; 3, confluent. Axial parenchyma unilateral paratracheal: 0, absent; 1, present.
Axial parenchyma cell types/strand length: (90-94) categories for number of cells per parenchyma strand; (95) unlignified parenchyma present.
Comments: For all quantitative characters see comments under "Data acquisition" and at the beginning of this list. Axial parenchyma strand length is a quantitative character that is generally continuous with much overlap among the arbitrary states especially above 4 cells per parenchyma strand. Discrete states may be evident with fusiform, two cells, and four (3-4) cells per strand, but the user must determine the states for the taxa in question. Unlignified parenchyma is quite rare and would only be used if these taxa were included in the study.
Axial parenchyma strand length: depends on group being studied. Unlignified parenchyma: 0, absent; 1, present.
Rays
Ray width: (96-99)width categories; (100) rays with multiseriate portion(s) as wide as uniseriate portions.
Comments: For all quantitative characters see comments under "Data acquisition" and at the beginning of this list. The absence of multiseriate rays or the presence of exclusively uniseriate rays seems to be more consistent than any other state and is listed separately. Rays with multiseriate portion(s) as wide as uniseriate portions is dependent on several other characters and as such is probably not appropriate to treatassign states that fit their data. "Rays with procumbent, square and upright cells mixed throughout the ray" is difficult to interpret. In some taxa the mixture may be due to sheath or tile cells or to axially fused rays. This character should only be used when these other conditions are absent or accounted for.
Cladistic characters:
Ray cellular composition: 0, all ray cells procumbent (homocellular); 1, heterocel lular, one row of upright cells; 2, heterocellular, more than one row of upright cells.
Sheath cells:
( 1 10 Comments: Sheath cells can be frequent and distinct (e.g., Ceiba) but less so in other taxa. Care must be exercised labeling the occasional slightly enlarged cell as a sheath cell. Tile cells are restricted to a number of taxa in the Malvales. Generally they are obvious (e.g., Durio, Pterospermum) but are less so in other genera. Perfo rated ray cells are difficult to observe and are only rarely present in any sample or taxon. They also appear to be linked to vessel frequency and diameter and ray com position (i. e., more frequent in woods with heterocellular rays with long uniseriate extensions, many vessels per square millimetre, and vessels with small diameters; R. Miller, unpublished data). We do not suggest using this character. Disjunctive ray parenchyma cell walls are not well documented and thus cannot be recommended for use in cladistic analyses at this time.
Cladistic characters:
Sheath cells: 0, absent; 1, present. Tile cells: 0, absent; 1, present.
Rays per millimetre: (1 14-116) distribution categories.
Comments: For all quantitative characters see comments under "Data acquisition" and at the beginning of this list.
Cladistic characters:
Rays per millimetre: depends on group being studied.
Wood rayless:
(1 17) present. Comments: Absence of rays is very rare among dicotyledons but can be useful in certain groups.
Cladistic characters:
Rays: 0, present; 1, absent.
Storied structure:
(1 18) all rays storied; (1 19) low rays storied, high rays nonstoried: (120) axial parenchyma and/or vessel elements storied; (121) fibres storied; (122) rays and/or axial elements irregularly storied; (123) number of ray tiers per axial mm.
Comments: For the most part, storied structure is easily recognized in rays but much more difficult to recognize in parenchyma and fibres. If rays are storied, then it generally follows that parenchyma and fibres are also storied even though it may not be evident. However, parenchyma and/or fibres may be storied and rays not storied (e. g., Tamarix and some taxa in the Malvales). Also, low rays may be storied and high rays not storied (e.g., Triplochiton). In cases where rays are not storied and paren chyma/fibres are storied, the rays are wide and tall. This indicates that rays have lost storied structure because of size.
The number of tiers per axial mm is only useful when all rays are storied. For all quantitative characters see comments under "Data acquisition" and at the beginning of this list.
Cladistic characters:
Storied structure: 0, absent; 1, present. Number of tiers per axial mm: depends on group being studied.
Secretory elements and cambial variants
Oil and mucilage cells: (124) associated with ray parenchyma; (125) associated with axial parenchyma; (126) present among fibres. Comments: For a cladistic analysis, oil or mucilage cells should be designated, on the assumption that they are not homologous structures. In groups where they are known to be homologous they should be combined as one character to avoid double weighting. If both occur in the group of taxa then characters for both should be devel oped. Location of oil/mucilage cells should be treated as separate characters if they are discrete.
Cladistic characters:
Oil cells associated with ray parenchyma: 0, absent; 1, present. Comments: Axial and radial canals are independent characters. The various ar rangements of axial canals should be treated as separate characters. In some taxa additional characters may be developed if they are discrete (e.g., radial canals may be large -many Anacardiaceae, or small -some Araliaceae). The occasional occurrence of traumatic canals is dependent on growing conditions, injury, or some other factors. For any given taxon there is no way to determine if traumatic canals will occur if the correct stimulus is imposed.
Axial canals in long tangential lines: 0, absent; 1, present. Axial canals in short tangential lines: 0, absent; 1, present. Axial canals diffuse: 0, absent; 1, present. Radial canals: 0, absent; 1, present.
Tubes /tubules: (132) laticifers or tanniniferous tubes present.
Comments: For a cladistic analysis, laticifers and tanniniferous tubes should be designated. Size categories may be discrete and can be included as separate charac ters/states.
Cladistic characters:
Laticifers: 0, absent; 1, present. Tanniniferous tubes: 0, absent; 1, present.
Cambial variants: (133) included phloem, concentric; (134) included phloem, dif fuse; (135) other cambial variants.
Comments: There are many cambial variants that are not listed here. All of them have the potential of being useful characters for cladistics. They must be discrete for the taxa in question and treated as separate characters.
Cladistic characters:
Included phloem, concentric: 0, absent: 1, present. Included phloem, diffuse: 0, absent; 1, present.
Mineral inclusions
Prismatic crystals: (136) present; (137) Comments: All characters listed under mineral inclusions have the same basic con cept: type of inclusion and where it is located. It is paramount that the users determine if the character is discrete and then develop characters for the taxa in question. Addi tional caution should be exercised when developing characters for other diagnostic crystal features. Complete cladistic characters are listed for prismatic crystals as an example of the types of characters that can be developed for mineral inclusions. In many cases only some of the characters will be necessary.
Cladistic characters:
Prismatic crystals in upright and/or square ray cells: 0, absent; 1, present. 
NON-ANATOMICAL FEATURES
The following characters are non-anatomical, but we include them here for two rea sons: l) they are listed in the IAWA List and are therefore included here for complete ness, and 2) several of them are potentially systematically informative, and therefore warrant further documentation and study.
Habit: (189) tree; (190) shrub; (191) vine/liana. Comments: The different habits that woody plants develop may be used in cladistics.
Cladistic characters:
Plant growth form: 0, tree; 1, shrub; 2, liana/vine; 3, herb.
Specific gravity: (193) (194) (195) 
gravity categories.
Comments: See comments under fibre wall thickness.
Cladistic characters:
Specific gravity /density: depends on group being studied. Comments: Heartwood may or may not be present in the samples or taxa being studied. Therefore, a character for heartwood presence or absence is needed. An addi tional character describing distinctness between heartwood and sapwood might also be useful in some groups. Heartwood is often variable in colour but nonetheless may be discrete and useful for cladistic analysis. The states listed above are arbitrary and should be modified for particular groups. For example, the presence of purple heartwood in Peltogyne and Goniorrhachis or yellowish heartwood in Apuleia and Dis temonanthus are discrete within Caesalpinioideae. For some taxa like Astronium and Dalbergia, heartwood contains dark streaks that might form a discrete character. However, streaks might be caused by external factors and not controlled genetically. Therefore care must be exercised in using this character.
. Heartwood: 0, absent; 1, present. Heartwood colour: 0, brown, 1, reddish, 2, yellowish, 3, purple, 4, white to grey.
Odour: (203) distinct odour.
Comments: Odour in heartwood reflects chemical composition that is genetically controlled. There are many different odours that might be recognized and used as cladistic characters. Here we will only list the presence or absence of distinct odours, but individual odour characters should be developed if two or more distinct odours are present in the group under study because the odours may not be homologous.
Cladistic characters:
Distinct odour: 0, absent; 1, present.
Heartwood fluorescence: (204) present.
Comments: The surface fluorescence of heartwood reflects chemical composition that is genetically controlled. Many taxa in Anacardiaceae and Leguminosae have fluorescent heartwood. The colour of the fluorescence is generally yellowish-green or greenish-yellow, which might indicate different chemical compounds, but further analysis of chemical structure is required to evaluate the significance of this differ ence. However, a few taxa have an orangeish fluorescence that is distinct. In these few cases characters could be developed. Weak fluorescence should be considered as present.
Cladistic characters:
Heartwood fluorescent: 0, absent; 1, present. Comments: Very little information is known about water and ethanol extract col our and fluorescence. In general heartwood does not contain extractable fluorescent compounds nor is the colour of the extracts distinct. Characters may be developed in those taxa where discrete conditions occur. Colour of extracts and fluorescence should be listed as an unordered multistate (see heartwood colour).
Geographical distribution Wood of commercial importance
Comments: Geographic distribution and wood of commercial importance should not be used in the primary analysis. These characters are not controlled genetically.
DISCUSSION
In the following discussion we wish to move from the theoretical discussion above to a more practical examination of several published cladistic studies that have included wood anatomical characters. Our goal here is to discuss how the wood characters were defined and scored, and the practical problems that are encountered in such studies. We offer our suggestions on how the problems that we identify might be addressed, but we have not made the modifications and rerun the analyses. In many cases this would require substantial effort in researching literature and examining sample preparations. In other cases it would be impossible to resolve the problems short of a completely new study. These practical limitations notwithstanding, it is not important that we reanalyze the data. This is because we usually do not know what the "correct" phylogeny is, and therefore it is impossible to judge whether the new result is "better". We can only strive to use the most logically defensible character definitions possible, select and score taxa as carefully as possible, and then view the result as a hypothesis that can be tested in future studies.
Recent cladistic studies that have included wood anatomical characters
Wood anatomical characters have been included in several recent cladistic analy ses. Some of these studies used only wood anatomical characters (Baas & Zweypfen ning 1979; Baas et al. 1988; Zhang 1992; Gasson 1994 Gasson ,1996 Terrazas 1994; Noshiro & Baas 1998; Klaassen 1999) , whereas other studies combined characters from wood anatomy with other morphological and anatomical characters (Anderberg 1992; Hufford 1992; Hufford & Dickison 1992; Graham et al. 1993; Keller et al. 1996) . In this section of our paper we will criticize the character definitions and analysis in several of these papers as a means of addressing some of the practical problems that are often encountered in cladistic studies.
In recognition of the fact that it is always easier to criticize than to do, the first paper that we will address was coauthored by one of us (PSH). Keller, Herendeen, and Crane (1996) used six wood anatomical characters (# 1-6)in a cladistic analysis of relationships among angiosperm families that included a total of 56 characters from morphology, anatomy, and chemistry. Of the six wood anatomical characters, one of them (#4) was inappropriately defined. Vessel perforations: scalariform perfo ration plates predominate (0), simple perforation plates predominate (1). This treat ment of perforation plate structure is problematic because the families were scored based on generalizations in Metcalfe and Chalk (1950) . While some of the families included in the analysis are uniform for this character (i.e., have either exclusively scalariform or simple perforation plates), many other families are variable with both states present. In some cases both scalariform and simple plates are present in the same species, and in other cases the variation is among genera in a family. Scoring such a family based on a generalization of either predominantly scalariform or predominantly simple ignores the variation within the family. Scoring the predominant state is equivalent to accepting "common is primitive," which is generally agreed to be an unacceptable argument (Kitching et al. 1998; Lipscomb 1998; Schuh 2000) . Keller et al. (1996: 540) explicitly stated this problem but did not redefine the charac ter or split all of the families in which both scalariform and simple perforation plates occur. See Keller et al. (1996) for further discussion of this issue. Scoring the charac ter as consisting of three character states [scalariform (0), scalariform and simple (1), simple (2)] might be an improvement, but "scalariform and simple" should only be used when both perforation plate types co-occur in the same species.
Another paper that included wood anatomical characters together with numerous morphological and anatomical characters is an analysis of generic relationships within the family Cunoniaceae (Hufford & Dickison 1992) . Of the 44 characters in this study, five are wood anatomical features, four of which we comment on here.
Character 18. Vessel perforations: exclusively scalariform, usually with more than 20 bars (0), exclusively scalariform or usually scalariform, usually with fewer than 20 bars (l), exclusively simple or usually simple with smaller vessels having 1-15 bars (2).
This character is problematic in several respects. The authors do not define "usu ally" and thus it seems that their treatment and taxon scoring is at least somewhat arbitrary. No explaanatory text is provided to explain the significance of "usually more than 20 bars" vs. "usually less than 20 bars" or "usually scalariform" vs. "usually simple". It is unclear from the information provided whether or not the states as defined represent discrete clusters of observations. Also, we do not know whether the varia tion implied by "usually" is variation within individual species or variation among species in the terminal taxa (genera). As discussed in the introduction, these are two distinct issues requiring different solutions. We expect that the treatment we have proposed for perforation plate structure [exclusively scalariform (0), scalariform and simple (l), exclusively simple (2)] would prove to be less problematic. However, we have not extracted the necessary data from the original sources cited by Hufford and Dickison (1992) to rescore the taxa for this character. Indeed, the necessary data may not be present in the appropriate form in the original publications. Depending on whether there are discrete breaks in perforation plate number, this character might be better treated as a separate character, in which case taxa with simple perforation plates would be scored as inapplicable (see Nixon 1996 for further discussion of issues pertaining to scoring taxa for inapplicable characters). However, our initial impres sion is that the variation may be essentially continuous.
Character 19. Mean vessel [element] length: > 700 µm (0), < 700 µm (1). Character 19 raises two issues: are the two length classes discrete or arbitrary, and what is the significance of a mean length? The issue of the significance of a mean in scoring quantitative characters has been discussed in the literature (see Kitching et al. 1998; Lipscomb 1998 for an introduction to this issue). Our view is that unless there are discrete breaks in the distribution of values, simply using mean values to establish character states is inappropriate.
Character 20. Vessel distribution: solitary (0), predominantly solitary (> 70%), infrequently in pairs or in radial multiples of 3 (l), vessels often solitary (10-70%), others in radial multiples up to 9 (2).
Character 20 seems to be potentially flawed due to arbitrary character state definition, but this may be due in part to poor wording. There are two separate (as we see it) features combined here: prevalence of solitary vessels and presence of radial multiples. We suggest treating these features as distinct characters. Hufford and Dicki son (1992) have combined these into one character, but the wording in defining the character states could be improved for clarity. Their state 0 (solitary) is equivalent to our "exclusively solitary." Their state 2 should be reworded as "not exclusively soli tary, multiples up to 9 present'' (presumably they mean multiples of 4-9,otherwise this state is not distinct from state 1. We have not seen the raw data so we cannot judge whether multiples of 3 represents a discrete break. In our treatment of multiples we have used the value of 4, but a different value may be more appropriate depending on the taxa under study.
Character 21. Intervessel pitting: scalariform or scalariform-opposite (0), oppo site (l), opposite transitional to alternate or predominantly alternate (2).
Intervessel pit arrangement is normally a good character for cladistic analysis. However, the authors wrote conditional phrases suggesting that the features are not dis crete. Their paper does not clearly show all the various types and subtle changes that may or may not occur in Cunoniaceae, but perhaps the authors have tried to be too exact in their character definition. In Cunoniaceae and other families with predomi nantly scalariform intervessel pitting, there are always some areas that have transi tional or opposite pitting. Predominantly opposite pitting is also mixed with scalariform and alternate pitting and, likewise, alternate pitting is mixed with opposite and sometimes even the occasional scalariform pit. The broader question is how the authors interpreted intervessel pitting in species/genera with exclusively solitary vessels. For example, Weinmannia is exclusively solitary and as such does not have intervessel pits except on the overlapping vessel tails or when the occasional vessels come in contact. In these cases the intervessel pitting is often a combination of scalariform, transitional, opposite, or even alternate. When a taxon is coded for exclusively soli tary, then it should not be coded for intervessel pitting. For Cunoniaceae, perhaps Character21 should be: Intervessel pitting: typically absent (0), predominantly scalari form (l), predominantly opposite (2), predominantly alternate (3), with some precise explanation as to how "predominantly" is judged.
We will comment on one other cladistic analysis that included wood anatomical characters together with other morphological and anatomical characters. Hufford (1992) analyzed relationships among families (and some genera) of subclass Rosidae that included 11 wood anatomical characters out of a total of 60 characters.
Characters 12, 13, and 17 are quantitative characters (vessel element length, diam eter, and imperforate element length, respectively), and all three were treated simi larly. Therefore we will comment on the first of these. Character 12. Vessel element length: long (most > 1,000 µm) (0), moderate (600-1,000µm) (l), short (most <600 µm (2).
We expect that these length categories are arbitrary, and there is no explanatory text to justify them. Also, it is not clear exactly what "most" means (greater than 50% of component taxa?, 75%? etc.). These values represent generalizations for the termi nal taxa included in the analysis, and as such they ignore variation within the taxa. If quantitative characters such as these are to be used in cladistic analyses, the authors should provide some text justifying the decisions that have been made in defining the character states and scoring of the taxa.
Character 15. Vessel distribution: solitary (0), mostly solitary with some clusters and some pairs and/or radial multiples (1), mostly radial multiples and clusters with few solitary (2).
The primary problem with this treatment is the definition of "some" and "mostly", which is not provided in the paper. Although this may seem like a trivial criticism, this is not insignificant because it relates to character definition, taxon scoring, and thus repeatability of the study. In our suggested treatment we treat vessel clusters as a separate character from radial multiples.
Character 16. Imperforate elements: only true tracheids (0), true tracheids and fibre-tracheids (1), only fibre-tracheids (2), fibre-tracheids and libriform fibres (3), only libriform fibres (4), variable with true tracheids, fibre-tracheids and libriform fibres (5).
Hufford (1992) notes that these states follow the definitions of Carlquist (1988), which essentially follows I.W. Bailey (1936) and the IAWA Committee on Nomen clature (1964) . The major problem with this character is one of discreteness. The author suggests that all combinations are valid and a continuum exists within the group. One of the most difficult challenges is the critical observation and interpreta tion of the pits in the walls of the imperforate elements. Interpreting relative size, shape,. abundance, location, association with other cells and tissues, and the presence of bordered pits can be difficult and subjective. Another problem with this treatment is the variable character state (5). It is not clear whether that variability is within individual species or among component taxa. In general, the use of a "variable" char acter state is not an appropriate means of dealing with variation. In our view this character might be better treated as distinct characters. For example, true tracheids: absent (0), present (1); fibre-tracheids: absent (0), present (1); libriform fibres: absent (0), present (1).
Character 18. Type of rays: heterogeneous type I (0), heterogeneous type IIA (1), heterogeneous type IIB (2), heterogeneous type III (3), paedomorphic type I (4), paedo morphic type II (5), paedomorphic type III (6), homogeneous type I (7).
These categories, which were taken from Carlquist (1988), represent anatomical character syndromes that we view as being composed of several characters that should be treated individually. Several families were not scored by Hufford because of vari ability.
In defense of several of these mentioned papers, they illustrate some of the typical problems encountered in taking data from the literature for analyses of broad taxo nomic scope at the family level. Sources such as Metcalfe and Chalk (1950) are valu able resources but they do not always present the detail that may be necessary to deal with variation in an appropriate way. In some cases the character definitions were clearly constructed based on the data available in sources such as Metcalfe and Chalk (1950) or Carlquist (1988) , even though the character definition was not appropriate for use as a cladistic character (e.g., predominantly scalariform vs. simple). The re sults of a cladistic study are only as good as the characters that go into the analysis, and compromises such as these in defining characters and obtaining data may seri ously compromise the study and its conclusions.
Cladistic studies using only wood anatomical characters
Ideally wood anatomical characters will be incorporated into cladistic analyses that utilize a broad selection of characters from diverse character systems. In studies such as these the wood characters have the greatest potential to contribute to a robust hypothesis of evolutionary relationships. Nevertheless, for a variety of reasons some authors have attempted to examine phylogenetic relationships or patterns of wood evolution based on analysis ofjust wood anatomical data (e.g., Baas & Zweypfenning 1979; Baas et al. 1988; Zhang 1992; Gasson 1994 Gasson , 1996 Terrazas 1994; Noshiro & Baas 1998; Klaassen 1999) . While there is no inherent reason why this should not be done, one should be aware of the limits of such analyses. One very significant, posi tive aspect of such studies is that they have been conducted by wood anatomists, who have provided much more detail on character variation within and among taxa in cluded in the study, and they have more consistently provided parallel descriptions for all taxa. The data have not simply been harvested from compendia such as Metcalfe and Chalk (1950) . We will comment on three examples here.
Zhang (1992) published a study of systematic wood anatomy of the Rosaceae that included detailed descriptions at the genus level and an analysis of relationships within the family. The analysis included 64 ingroup taxa (which includes two genera that were each split into two taxa), one artificial outgroup taxon that was constructed based on the Baileyan transformation series (Zhang 1992: 98-99) , and 20 characters, of which 18 are wood anatomical characters (the other two are chromosome number and fruit type). The author seemed to be disappointed in the lack of resolution obtained in the initial analysis, and undertook subsequent analyses of questionable validity to increase resolution. However, it should be realized that a well resolved cladogram is impossible when there are three times more taxa than characters in the analysis (un less many of the characters have more than two states). Zhang (1992: 98) stated that the "designation of an outgroup was impossible, as the sister group of the Rosaceae is unknown." However, we have explained in the introduction that this reasoning is incorrect. The sister group need not be known to select an appropriate outgroup, and constructing an artificial taxon is not an acceptable alternative because such a taxon may never have existed. Outgroups should be relatively closely related taxa, but they need not be the sister group (see "Introduction" for further discussion of this issue). In addition, if one wishes to examine the implications for patterns of wood evolution that derive from the cladograms, it is circular to use a Baileyan artificial outgroup in the analysis.
Zhang used an unconventional approach to deal with variation within terminal taxa (genera). For each binary character, a third character state (state 1) was defined for genera that were not constant for one of the two states (i.e., variation present within a genus). For each three-state character, two "variable" states were defined to rep resent variation between states 0 and 2, and 2 and 4. Thus, with the exception of character 19 (chromosome number), all odd number character states in the data ma trix represent variation within the terminal taxa. It was not explicitly stated whether the characters were treated as ordered or unordered in the analysis, which is of critical importance. Also unreported is the minimum tree length obtained in the analysis. There are limited situations where it might be appropriate to establish a variable char acter state (e. g., scalariform and simple perforation plates, mentioned above), but this must represent variation within individuals, not variation among species in a genus or genera in a family. In general, the detailed generic descriptions in Zhang (1992) provide the information necessary to determine the exact nature of the variation in the data table.
Several individual characters used by Zhang (1992) deserve brief comment. Some of the characters are quantitative and the character states that were established were not justified. Character 12 -parenchyma amount: scanty (0), common to abundant (2) [state 1 is variable] seems to be inappropriate because it probably combines dif ferent types of axial parenchyma in one abundance character.
Gasson (1994, 1996) published two studies of wood anatomy in the papilionoid legume tribes Sophoreae and Swartzieae, respectively. Both publications use the same character definitions, which consisted of 12 wood anatomical characters. Gasson (1994 Gasson ( , 1996 found axial parenchyma to be especially problematic, which may be due in part to the character state definitions that Gasson used and acknowledged were arbitrarily defined (Gasson 1996: 69) due to apparently continuous variation.
Character 7 -axial parenchyma: scanty paratracheal and/or vasicentric (0), ali form/confluent/unilateral paratracheal/banded (1). We suggest treating banded pa renchyma and unilateral paratracheal parenchyma as two distinct absence /presence characters. In addition, we have suggested treating vasicentric, aliform, and confluent as distinct character states, although this may not be practical if many individual spe cies exhibit variation encompassing two or more of these states. The family Legumi nosae is one of the more difficult groups in terms of using axial parenchyma charac ters.
The final paper that we will discuss is the study of systematic wood anatomy of the Cornaceae and allies by Noshiro and Baas (1998) . In addition to providing detailed descriptive data, the study includes a cladistic analysis with 35 taxa and 21 wood anatomical characters. Clearly, full resolution is not possible with considerably more taxa than characters (unless many of the characters have more than two states), but this is not a sufficiently serious problem to invalidate the analysis. The authors provide an excellent discussion of character definition and scoring decisions, especially for the quantitative characters (Noshiro & Baas 1998: 81, 83 ). Thus, this paper is a fine example of the use of cladistic methods with wood anatomical data. Explicit dis cussion of decisions that are reached makes the study more valuable as a resource for future work, and the results are more easily evaluated. The obvious next step is to incorporate other sources of characters for a more comprehensive analysis of phylo genetic relationships in Cornaceae.
The authors use the results of the cladistic analysis to examine the implications for wood evolution (Noshiro & Baas 1998: 87) , and discover that there are "some revers als in key features that contradict the general trends in tracheary element evolution of dicotyledons." For example, vessel dement length shows several cases of increasing length, together .with cases of decreasing length in other parts of the cladogram. Per foration plate bar number increases in several places on the cladogram and decreases in other groups. Also perforation plates undergo a reversal from simple to scalariform at least once. Thus because real taxa were used as outgroups rather than a hypotheti cal primitive Baileyan wood Noshiro and Baas were able to examine patterns of wood evolution and discover patterns contrary to the hypothesized trends.
CONCLUSIONS
Wood anatomical characters are no different from other morphological and anatomi cal characters. They are either qualitative or quantitative in nature and exhibit either discrete or continuous variation. Character definitions and observations of specimens comprise the core of a cladistic analysis, and if they are not of the highest quality then the results will be compromised. One can always reanalyze a published data set if the method of analysis was inappropriate, but no method of analysis can compensate for errors in observation or poorly defined characters. In this paper our focus is on char acter definitions. The discussion is based on the IAWA list of microscopic features for hardwood identification (Wheeler et al. 1989 ). For each character we provide com mentary and a suggested definition of the character for use in cladistic analyses. Char acters that are the most likely to be problematic due to continuous variation or other problems are noted. Wood anatomical characters will be of greatest utility in cladistic studies when they are incorporated into analyses that also include characters from other morphological, anatomical, and molecular character systems.
